INTRODUCTION
myo-lnositol (inositol) is a six-member carbon ring structure required for normal cell growth and other critical cell functions (for reviews, see Loewus and Loewus, 1983; Berridge, 1987; Loewus, 1990; Majerus, 1992) . Reduction of cellular inositol levels has been linked to inhibition of cell division in plant tissue culture cells (Biffen and Hanke, 1990) as well as developmental alterations in mice and Xenopus (Busa and Gimlich, 1989; Cockcroft et al., 1992; Maslanski et al., 1992) . In animal cells, inositol is primarily incorporated into inositol phospholipids that also function as precursors for the phosphatidylinositol (Pl) signaling pathway (for review, see Michell, 1986) . In addition to inositol phospholipid synthesis, inositol is used for other functions in plant cells, including auxin conjugation and storage, phosphorus storage in the form of inositol hexakisphosphate (IP6), and biosynthesis of the cell wall compounds glucuronic acid, arabinose, and xylose (Loewus and Loewus, 1983; Loewus, 1990) . Another important role for inositol in plant physiology is adaptation to stress; several studies have linked accumulation of both inositol and its derivatives with increased survival under salt conditions (Loewus and Loewus, 1983; Vernon and Bohnert, 1992; Bohnert et al., 1995) .
lnositol synthesis from glucose 6-phosphate is a two-step process involving conversion of glucose 6-phosphate to inositol 1-phosphate, which is catalyzed by the enzyme inositol-l-phosTo whom correspondence should be addressed phate synthase, and dephosphorylation of inositol 1-phosphate to yield free inositol (Loewus and Loewus, 1983 ; see Figure  1 ). This last step is catalyzed by the enzyme inositol monophosphatase (IMP), a soluble, Li+-sensitive protein (for review, see Parthasarathy et al., 1994) . IMP can also dephosphorylate other inositol phosphate compounds, such as the breakdown products of the signaling molecule inositol trisphosphate (IP,) (Chen and Charalampous, 1966; Eisenberg, 1967; Hallcher and Sherman, 1980) ; thus, IMP is required for both de novo synthesis and recycling of inositol. Therefore, it can be considered a potential regulatory point for all pathways that utilize free inositol An important role for IMP in the regulation of signaling and development has emerged from studies using Li+ as an IMP inhibitor. Li+ can act as an effective inhibitor of the animal PI pathway by blocking synthesis of inositol for incorporation into membrane inositol phospholipids (Berridge et al., 1982 (Berridge et al., , 1989 Sherman et al., 1986 ; see Figure 1 ). The disruption of the PI signaling pathway by Li+ causes severe alterations in embryonic development. For example, treatment of Xenopus embryos with Li+ results in dorsalization (Kao et al., 1986 ) and a transient decrease in IPs levels (Maslanski et al., 1992) . These effects can be prevented or rescued by cointroduction of inositol with Li+ (Busa and Gimlich, 1989) , implying that a decrease in inositol levels is sufficient to cause altered signaling (referred to as the "inositol depletion hypothesis"; Berridge et al., 1989) . De novo synthesis of inositol is catalyzed by IMP action on inositol phosphate (InsP). Li+ inhibition of IMP can lead to a reduction in free inositol levels, which may affect many plant functions, including cell wall biosynthesis (through UDP-glucuronate), auxin storage and transport (through auxin-inositol conjugation [lns-IAA]), and phosphorous storage (through hexakisphosphate [lnsPs] ). A scavenger pathway of inositol synthesis exists that makes use of lnsP generated by the PI signaling pathway: a putative receptor (R) responding to externa1 signals may signal phospholipase, C (PLC) and its associated G protein (G) to convert phosphatidyli~ositol-4,5 bisphosphate (PIPp) into the second messengers inositol trisphosphate (InsP3) and diacylglycerol (DAG).
Because plants use inositol for diverse cell functions, it is difficult to separate the role of inositol in signaling pathways (for reviews, see Trewavas and Gilroy, 1991; Cote and Crain, 1993; Drgbak, 1993; Gross and Boss, 1993) from its more general role in plant metabolism. Data in the literature suggest that Li+ is not a useful tool in regulating either inositol synthesis or PI signaling, dueto the apparent lack of Li+ sensitivity of plant IMP (Gross and Boss, 1993) . To understand how the pool of free inositol is regulated in plant cells and to explore the possibility of a role for IMP in the regulation of the plant PI pathway, we have cloned the plant IMP genes and characterized the enzymes. In this study, we report that, in contrast to information currently available for animal and human IMP, plant IMP is encoded by a family of three genes in tomato that are differentially expressed. The predicted protein products are conserved and share significant sequence homology with the single IMP from animals. Like animal IMP, our studies confirm that all three plant enzymes are sensitive to Li+ in vitro. Together, our work establishes the presence of Li+-sensitive IMPs and increased complexity of inositol synthesis in plants. Along with the recently cloned Arabidopsis gene encoding phospholipase C (Hirayama et al., 1995; Yamamoto et al., 1995) , the IMPgenes can now be used as molecular tools to augment physiological studies on the plant PI signaling pathway.
RESULTS

Tomato IMP 1s Encoded by a Small Gene Farnily
A cDNA for tomato IMP (LelMP for Lqlopefsicon esculentum jnositol monophosphatase) was isolated from a young fruit cDNA expression library as described in Methods and was used to rescreen tomato cDNA and genomic libraries. This approach resulted in the isolation of severa1 cDNAs and genomic DNAs encoding three distinct LelMP proteins (Figure 2) . Based on the size of the cDNAs and the lengths of contiguous open reading frames, the proteins encoded by the LelMP genes appear to be full length. All three cDNAs encode proteins with significant amino acid sequence similarity with the known IMP enzymes from humans and Xenopus (Diehl et al., 1990; McAllister et al., 1992; Wreggett, 1992 Regions of tomato LelMPl, the bovine (Bos taufus) IMP (BtlMP; Diehl et al., 1990) , the SuhB product of E. coli (EcSuhB; Yano et al., 1990) , the qa-x product of N. crassa (NcQax; Geever et ai., 1989), the bovine inositol polyphosphate 1-phosphatase (BtlPP; York and Majerus, 1990) , and the HAL2 product from yeast (ScHAL2; Glaser et al., 1993) are aligned. Dots indicate amino acid identity with the LelMPl predicted protein.
of LelMP1 and LelMP2 are more similar to that of LelMP3 (77% identity) than they are to each other (67% identity). Amino acid sequences that have been previously identified as characteristic of metal and sulfate binding sites and of putative Li+-sensitive domains are conserved in each LelMP protein (Bone et al., 1992) . The LelMP proteins also share homology with the SuhB (extragenic suppressor of cold sensitivity; Yano et al., 1990) and AmtA (ammonium transporter; Fabiny et al., 1991) proteins of Escherichia coli, the qa-x protein of Neurospora crassa (quinic acid cluster; Geever et al., 1989) , the qutG protein of Aspergillus nidulans (quinate utlization cluster; Hawkins et al., 1988) , the HAL2 protein from yeast (halotolerance; Glaser et al., 1993) , and the inositol polyphosphate 1-phosphatase (IPP) protein from animals (York and Majerus, 1990 ) (see Figure 3) . These diverse proteins are enzymes that have been implicated in the synthesis or degradation of phosphorylated messenger molecules (Neuwald et al., 1991) , but specific substrates have been identified for only three of the enzymes. Matsuhisa et al. (1995) have recently demonstrated that the suhB gene encodes an active IMP and appears to have a function in cold-sensitive growth processes in bacteria. The yeast HAL2 gene imparts tolerance for both NaCl and LiCl when overexpressed (Glaser et al., 1993) and was recently shown to encode a Li+-sensitive 3'(2'),5'-bisphosphate nucleotidase (Murguia et al., 1995) . The bovine IPP catalyzes the removal of 1'-phosphate from both inositol 1,3,4-P3 and inositol 1,4-P2 substrates and thus is also involved in the recycling of inositol (Majerus, 1992) . These proteins from bacteria, yeast, and animals, along with the LelMP proteins, share significant amino sequence homology in four domains, of which motifs A and B are most likely responsible for Li+ sensitivity (Neuwald et al., 1991) .
To determine the number of LelMP genes in the tomato genome, analysis of tomato genomic DNA was performed using each LelMP cDNA as a probe. Each cDNA probe produced a diagnostic hybridization profile at high stringency; at low stringency, the cross-hybridization profile included additional bands diagnostic for the other two cDNAs (results not shown). We have completed the analysis and sequence for the genomic loci of LelMP7 and LelMP2, and similar work is in progress for LelMP3 (J. Keddie, K. Oda, G. Gillaspy, and W. Gruissem, unpublished results). Three genes for conserved IMPs have also been identified in Arabidopsis (J. Kudla, G. Gillaspy, and W. Gruissem, unpublished results) . From this analysis, we concluded that the IMP enzyme in tomato is encoded by a small gene family of three related genes in plants.
LelMP Gene Products Are Li+-Sensitive IMPs
Based on their amino acid sequence homology with the animal IMP, we tested the LelMP proteins for their ability to catalyze the removal of a phosphate from an inositol 1-phosphate substrate. Bacteria containing a P-galactosidase (P-Gal)-LelMP gene fusion on a phagemid were induced with isopropyl P-o-thiogalactopyranoside (IPTG) for 2 hr, and protein extracts were prepared from the induced cells along with the appropriate control cells (including E. colicells expressing the human IMP). Protein gel blot analysis of the protein extracts was performed using an anti-LelMP1 antibody generated against a glutathione S-transferase (GST)-LelMP1 fusion protein. The activity of the bacterial protein extracts in removing a phosphate from the 14C-labeled inositol-1-phosphate substrate was measured under various conditions (Figure 46 ). Protein extracts prepared from E. coliXL-1 Blue control cells expressing the P-Gal peptide alone provided the baseline for activity (E2) and were not stimulated or inhibited by anyadditions. The results in Figure 48 confirm that each LelMP cDNA encodes an active IMP. The relative activities of LelMP1, LelMP2, and LelMP3 extracts differed, but this result is most likely a reflection of the amount of LelMP protein that was present in each extract (see Figure 4A ) rather than a difference in specific activities of the enzymes. LelMP activities were reduced after the addition of unlabeled inositol 1-phosphate, demonstrating efficient substrate competition and the specificity of the enzyme assay (results shown for LelMPl only). Enzyme activities were dependent on the presence of Mg2+ (results not shown) Hallcher and Sherman, 1980) . Plant PI pathway enzyme activities have been noted previously to be sensitive to changes in Ca 2+ concentrations (Joseph et al., 1989; Memon et al., 1989) .
Increasing concentrations of LiCI resulted in the inhibition of each LeIMP enzyme activity in the bacterial protein extracts ( Figure 4C ). No reduction in activity was measured after the addition of up to 10 mM NaCI or choline chloride (results not shown); therefore, inhibition by Li + is specific. The concentration of Li + required to inhibit the tomato enzymes in the bacterial protein extract is similar to that required to inhibit the human enzyme ( Figure 4C ), and our results are in agreement with the published data (0.3 mM for half-maximal inhibition; McAllister et al., 1992) . Our results are in contrast to earlier experiments with plant protein extracts. In these experiments, no Li + -sensitive IMP activity could be detected (Cumber et al., 1984; Joseph et al., 1989) , or very high Li + concentrations (>50 mM) were required to inhibit IMP enzyme activity (Loewus and Loewus, 1982) . Based on the similarity in amino acid sequences, enzymatic activities, and Li + sensitivity, we concluded that the proteins encoded by the LeIMPI, LelMP2, and LelMP3 cDNAs are functional plant homologs of the animal Li + -sensitive IMP enzyme.
LeIMP Genes Have Different Temporal and Spatial Expression Patterns
Expression of the LeIMP genes in E. coli confirmed their IMP activity and established that, in contrast to animals and humans, tomato has multiple genes for this enzyme. To gain insights into the expression of the LeIMP genes, we analyzed the temporal and spatial accumulation patterns of LeIMP mRNAs. RNA gel blot analysis using LeIMPI and LelMP2 cDNAs as probes showed a low-abundance 1.2-kb band with the LeIMPI cDNA probe, but no RNA signal could be detected with the LelMP2 cDNA probe (data not shown). We therefore used RNase protection as a more sensitive assay to measure LeIMPI-, LelMP2-, and Le/MP3-specific mRNA levels ( Figure 5) . A labeled antisense RNA probe encompassing the 3' sequence of the coding region was transcribed from each cDNA and used to confirm that the detected signals were diagnostic and specific for each mRNA. The RNA probes were then used to determine LeIMP mRNA accumulation at different developmental stages and in different tomato organs. Using this assay, LeIMPI and LelMP3 mRNAs were readily detectable in most organs, but the LelMP2 mRNA was rare and required fivefold more RNA and extended exposures for detection (see Methods). LeIMPI mRNA accumulation was highest in lightgrown seedlings, flowers, young and mature green fruit, and callus tissue ( Figure 5A ). It was measurable in root and stem tissue, and accumulation decreased as fruits matured (mature green to breaker fruit stage). LeIMPS mRNA also accumulated to high levels in the shoot apex and callus and was present in root, stem, leaf, flower, and young and mature green fruit. LeIMPS was induced by light, although not to the same degree as LeIMPI ( Figure 5C ). LelMP2 mRNA levels were significantly lower at all developmental stages and in all tomato organs as compared with LeIMPI and LeIMPS mRNAs ( Figure 5B ). Accumulation of LelMP2 mRNA was highest in seedlings, roots, and young fruit. Together, these results indicate that accumulation of LeIMP mRNAs is regulated by a complex developmental program in seedlings and fruit and is differentially controlled in response to light during seedling development. At a first approximation, the expression pattern of the LeIMP genes correlates with established inositol requirements in proliferating tissues but also suggests that the individual members of the LeIMP gene family may have more restricted and specialized functions.
LeIMP Protein Accumulation Is Developmentally and Light Regulated
We used the anti-LelMP1 antibody in a protein blot analysis of different tomato organs and developmental stages to analyze LeIMP protein accumulation (see Figure 6 ). Although the antibody used in this analysis was generated against the p-Gal-LelMP1 fusion protein, the results in Figure 4A RNase protection assays were performed as described in Methods. Lane 1 contains the probe alone without RNase digestion; lane 2, the probe alone plus RNase digestion; DGS, 6-day-old dark-grown seedlings; 12, DGS exposed to light for 12 hr; 24, DGS exposed to light for 24 hr; RT, root; ST, stem; LF, leaf; SA, shoot apex; FL, flower; YF, fruit 0.5 cm in diameter; MG, mature green fruit; BR, breaker fruit; CA, callus. Soluble protein extracts were separated by SDS-PAGE, transferred to nitrocellulose, and immunoreacted with anti-LelMP1 antibody as described in Methods. Arrows indicate the three immunoreactive bands noted. Numbers at right indicate the migration of size markers. CA, callus; DGS, 6-day-old dark-grown seedlings; LGS, 6-day-old light-grown seedlings; RT, root; ST, stem; LF, leaf; SA, shoot apex; YF, fruit 0.5 cm in diameter; 1cm, fruit 1 cm in diameter; MG, mature green fruit; BR, breaker fruit; RF, ripe fruit. lecular masses ranged from 30 to 28 kD, which is in close agreement with the molecular mass range for the LeIMP proteins predicted from their amino acid sequences. Three proteins of similar molecular masses were also detected in protein extracts from other plants (Arabidopsis, tobacco, wheat, and spinach; data not shown). The apparent molecular mass of the LeIMP proteins produced by in vitro translation and by overexpression of LeIMPI in transgenic tobacco (data not shown) suggests that the 30-kD protein is LeIMPI and that the proteins with approximate molecular masses of 29 and 28 kD are LeIMPS and LelMP2, respectively.
The protein pattern confirms that LeIMP proteins are present at most developmental stages and in most organs analyzed, with callus tissue, light-grown seedlings, leaves, and young fruit containing the highest protein levels. LeIMP proteins accumulated to higher levels in light-grown seedlings as compared with dark-grown seedlings and decreased during fruit development. At these developmental stages and in callus tissue, roots, leaves, and flowers, LeIMP protein accumulation correlated well with LeIMP RNA levels, suggesting that expression is controlled primarily at the level of transcription or mRNA stability. Other organs and developmental stages, such as stems, shoot apices, and mature green fruit, did not show this correlation, suggesting that other controls may be important with respect to LeIMP protein accumulation.
LeIMP Proteins Accumulate Differently in Specific Cell Types
To investigate the tissue-specific expression of the LeIMP proteins in more detail, we used the anti-LeIMP antiserato localize LeIMP in sections of imbibed seed, light-grown seedlings, young fruit, and the shoot apices of mature plants (see Figure  7) . To establish the specificity in each tissue, three controls were always included: immunoreaction with the secondary antibody alone ( Figure 7D ), anti-LelMP-depleted serum ( Figure  7B ), and preimmune serum (data not shown). We detected specific immunoreactivity in most of the above-mentioned tissues, with imbibed seed containing little or no LeIMP and light-grown seedlings containing the highest levels. Within the seedling, LeIMP was expressed in the cotyledons, hypocotyls, and roots ( Figure 7A and data not shown). Interestingly, cells in the shoot apical meristem region of the seedling appeared to express less LeIMP than did other cell types, including palisade cells ( Figure 7C) . Similarly, the shoot apex from mature plants showed reduced levels of immunoreactivity and was thus similar to the meristematic region staining seen in lightgrown seedlings (data not shown). A subset of cells within the tips of the cotyledons had increased levels of LeIMP relative to other nearby cells ( Figure 7E ). Cells associated with the vascular tissue reacted most strongly with the anti-LeIMP antibody ( Figures 7F and 7G ). These cells are organized as files within the vascular tissue and contain nuclei as determined by 4',6-diamidino-2-phenylindole staining of adjacent serial sections. Because of their number, morphology, and position, these cells are most likely phloem parenchyma or differentiating sieve tube members. Embryos from imbibed seed did not show such strongly immunoreactive cells (data not shown), but vascular tissue from young fruit contained immunoreactive cells of similar morphology and spatial organization. Young fruit expressed LelMP most strongly in the pericarp, in developing seed, and in cells associated with the vascular tissue (data not shown).
DlSCUSSlON
We have established that plants contain conserved Li+-sensitive IMPs that catalyze the conversion of inositol phosphates into inositol. In animals, this reaction is critical for synthesis of inositol phospholipids and the PI signaling pathway. Unlike the single gene for IMP reported from animals, plant IMP is encoded by a small gene family in tomato and Arabidopsis. Considering the increased complexity of inositol utilization in plants, a gene family for IMP was not unexpected. The presence of multiple genes could indicate redundant functions for the enzymes in the catalytic conversion of inositol phosphates into inositol in plants. Alternatively, based on the apparent differences in the expression pattern of their genes, we favor a model in which specific IMP isoforms function in different cell types or spatially distinct cellular compartments.
IMP Activity and Substrate Specificity
Animal IMP (Hallcher and Sherman, 1980) and the previously reported lily pollen IMP (Loewus and Loewus, 1982) have been shown biochemically to form dimers of -60 kD in their catalytically active form. Our preliminary data suggest that the LelMPs also exist as active dimers (G. Gillaspy and W. Gruissem, unpublished results) . A potentially interesting consequence of multiple gene products is the possibility of heterodimer formation in plant tissues in which two or more IMPs are expressed. It is not clear whether heterodimerization could alter enzyme activity andlor specificity.
All three LelMPs expressed in E. coli have similar activity profiles in vitro, although there were differences in the ability of Caz+ to stimulate activity. These differences may reflect alternate regulation of the enzymes, potentially through the release of Ca2+ generated by the PI pathway. A more detailed characterization of the purified enzymes is required, however, to conclude that the differences in Ca2+ sensitivity are of potential physiological or regulatory relevance.
Because several inositol phosphate-metabolizing enzymes with different substrate specificities have been reported, it is also of interest to determine the in vivo substrate specificity of IMF? In general, IMP hydrolyzes those monophosphates that are equatorially located within the inositol ring but has limited activity on other inositol phosphate substrates. We have examined LelMP activity using only inositol 1-phosphate, which represents one of a few possible substrate pools in the cell. lnositol4-phosphate is another substrate that results from the breakdown of IP3 (Michell, 1986) and that can be utilized efficiently by animal IMP (Eisenberg, 1967; Ragan et al., 1988) . The proposed product of IPG breakdown in plants, inositol 2-phosphate (I-2-P; Cosgrove, 1980) , potentially constitutes another significant inositol phosphate pool in plant cells. Animal IMP does not utilize I-2-P efficiently, and we have not determined the activity of LelMP proteins expressed in E. coli with this substrate. The IMP-like enzyme activity previously purified and characterized from lily pollen catalyzes the removal of a phosphate from several different inositol phosphate substrates, including I-2-P (Loewus and Loewus, 1982 ), but we do not know at present how this biochemical activity relates to activities of the cloned IMPs.
IMP-Related Proteins
The discovery of IMP-related proteins is interesting in the context of their amino acid homologies, mutant phenotypes, proposed functions, and substrate specificities. It is noteworthy that the bacterial SuhB protein can utilize inositol 1-phosphate most efficiently as a substrate and may have a function in coldsensitive growth (Matsuhisa et al., 1995) . The HAL2 gene in yeast (Glaser et al., 1993 ) encodes a 3'(2'),5'-bisphosphate nucleotidase enzyme (Murguia et al., 1995) . HALP confers Li+ and Na+ tolerance when overexpressed, and an enzymatic activity similar to HALP has been identified in tomato leaves (Murguia et al., 1995) . IPP from animals catalyzes the removal of 1 '-phosphate from I-1,3,4-P3 and I-1,4-P2 substrates (York and Majerus, 1990; Majerus, 1992) . This enzyme functions immediately upstream of IMP in the IPs breakdown pathway. The substrates for three other IMP-related proteins, the AmtA protein of E. coli (Fabiny et al., 1991) , the qa-x protein of Neurospora (Geever et al., 1989) , and the qutG protein of Aspergillus (Hawkins et al., 1988) , have not been identified, but it has been suggested that they are phosphate messenger molecules (Neuwald et al., 1991) . Thus, we cannot excludeat the present time that one or all of the LelMPgene products have specificities for substrates other than inositol monophosphates.
Effects of Li+
Our results confirm that the activity of each LelMP is inhibited by LiCl in vitro. A similar sensitivity to Li+ has been determined for the animal and human IMPs. Of all known enzymes, there is only a small select group of enzymes that have been reported to share this characteristic, including the mammalian inositol polyphosphate 1-phosphatase (Inhorn and Majerus, 1987; York and Majerus, 1990) , yeast HAL2 (Murguia et al., 1995) , and fructose 1,6-bisphosphatase (Black et al., 1972) . Except for fructose 1,6-bisphosphatase, which shares structural similarity with IMP, all other enzymes share amino acid homologies in conserved domains identified as motifs A and B in Figure 3 . It has been proposed that these conserved domains are responsible for the Li+ sensitivity of the enzymes (Neuwald et al., 1991) . The biological role of Li+ has been studied for many years, and more recent studies have shown that Li+ produces striking developmental alterations in many organisms, including Xenopus (Nieuwkoop, 1973) , sea urchin (Livingston and Wilt, 1990) , and Dictyostelium (Peters et al., 1989) . In humans, Li+ therapy is used in the clinical treatment of certain bipolar disorders (e.g., manic depression). The effectiveness of this treatment rests on a model in which Li+ decreases brain inositol levels via reduction of IMP activity (Berridge et al., 1982 (Berridge et al., , 1989 Sherman et al., 1986) .
In most plants, Li+ is present in only trace amounts, although Li+ can accumulate to high levels in many plant species when it is present at elevated concentrations in the soil or in tissue culture medium (for review, see Anderson, 1990 ; G. Gillaspy and W. Gruissem, unpublished results) . Long-term exposure to Li + has pleiotropic effects on plants, including phytotoxicity and changes in biomass (Anderson, 1990) . We have observed both hypertrophy along seedling stems and severe developmental abnormalities in tomato seedlings germinated in the presence of Li+ (G. Gillaspy, K. Oda, and W.
Gruissem, unpublished results). Li+ toxicity has been a significant agricultura1 problem in citrus orchards of the southwestern United States where Li+-contaminated water is used for irrigation, causing Li+ buildup in the soil (Hilgenan et al., 1970; Aldrich et al., 1974) . It is not currently known whether any of these biological effects of Li+ on plants involves the IMP enzyme, but our work establishes this as a formal possibility.
IMP and Synthesis of lnositol
Inositol-containing compounds are very abundant in plant cells (for review, see Loewus and Loewus, 1983; Drebak, 1993) . It is likely that conjugated and phosphorylated forms of inositol are sequestered into individually regulated pools. For example, bean embryos store high concentrations of inositol as phytic acid, but de novo synthesis of inositol is induced during germination before the phytic acid pool is utilized, suggesting a need for free inositol (Sasaki and Taylor, 1986) . The existente of multiple plant IMPs may allow the cell to regulate such hypothetical inositol pools independently. Alternatively, each plant IMP may regulate synthesis of inositol as an intermediate for specific end products. The fact that LelMf genes encode three distinct IMPs that are developmentally regulated is consistent with either view.
An intriguing finding is the light-regulated expression of the genes in seedlings that likely results in a temporal up-regulation of inositol synthesis in support of rapid growth-associated processes. The immunolocalization experiments support this hypothesis because LelMP expression in young fruit is localized to those regions that we have previously shown to contain dividing and expanding cells (Gillaspy et al., 1993) . However, our current results clearly show that the shoot apical meristem is n o t a primary site of LelMP expression. Other cells, including specific cells associated with the vascular tissue, express higher levels of LelMP than do apical meristem cells. Our detection of those cells with a high LelMP level-most likely phloem parenchyma cells or differentiating sieve tube members-is important with respect to our current understanding of inositol synthesis and transport. LelMP is required for the last step of inositol synthesis, and the phloem contains both transported inositol and its derivatives as well as transported auxins that are most likely conjugated to inositol (Salisbury and Ross, 1978; Reinecke and Bandurski, 1987; for review, see Hoad, 1995) . It is possible, therefore, that coordinate regulation of synthesis, differentiation, and transport of inositol occurs within these cells.
The IMP genes reported here, together with the recently cloned gene for inositol-1-phosphate synthase (Johnson, 1994; Johnson and Sussex, 1995) , should now provide useful tools to dissect the regulation and critical functions of inositol synthesis in the plant cell.
METHODS
Plant Materials
Tomato DNA and RNAs were isolated from greenhouse-grown Lycopefsicon esculentum cv VFNT Cherry LA1221. Light induction experiments were performed by germinating seed on filter paper (No. 1; Whatman International, Maidstone, England) and water in total darkness for 6 days followed by a 6-to 24-hr exposure to light. The young fruit cDNA library was prepared from mRNA of 3-to 8-mm fruit using a Stratagene Uni-ZAP XR kit.
cDNA Library Screening Active phosphatase clones were obtained by screening phage for their ability to use 5-bromo-4-chloro-3-indoyl phosphate as a substrate at neutra1 pH. Phage from a tomato young fruit cDNA library were plated onto €scherichia coli XL-1 Blue cells and were induced to express fusion proteins by overlaying nitrocellulose filters containing 10 mM isopropyl P-D-thiogalactopyranoside (IF' TG). Filters containing transferred proteins from plaques were rinsed in 10 mM Tris, pH 8.0, 150 mM NaCI, and 5 mM MgCI2 severa1 times; 5-bromo-4-chloro-3-indoyl phosphate and nitro blue tetrazolium were added, and color development was allowed to proceed at room temperature for 30 min. Approximately 106 plaques were screened by this assay, and one plaque was shown to be active. The positive phage was plaque purified, and phage DNA was excised in vivo to recover pBluescript SK+ plasmid according to Stratagene's protocol. In a separate screen, a similar clone was obtained, establishing the reproducibility of the screening procedure. 60th cDNA clones contained an identical 1.1-kb insert: This cDNA was used as a randomly primed probe (Stratagene Prime-lt kit) to rescreen the library as described in Barkan et al. (1986) to obtain a full-length LelMPl (for tomato inositol monophosphatase) cDNA. Phage were purified and excised as given above. The cDNA for LelMfl was used to screen a tomato genomic library, resulting in the isolation of LelMf2. The coding region of LelMP2 was used to screen the young fruit cDNA library, resulting in cDNAs encoding LelMP2 and LelMP3. These sequences have been deposited in GenBank with ac-cession numbers U39444 for LelMPl, U39443 for LelMP2, and U39059 for LelMP3. lsolation of the Human IMP cDNA and Construction of pGalactosidase Fusion Genes Oligo(dT) was used in reverse transcription of 1.6 pg of HeLa cell RNA with the Superscript enzyme (Gibco BRL). Primers derived from the 5' and 3'ends of the published sequence of the human cDNA (McAllister et al., 1992) , 5'-TTCCCGGGGATGGCTGATCCTTGGTCAG-3' and 5'-AAGTCGACTTAATCTTCGTCGTCTCG-3; were then used to amplify reverse-transcribed RNA. This mixture was heated to 94°C for 2 min, and the above-mentioned primers, deoxynucleotide triphosphates, 1.5 mM MgCI2, and 5 units of Taq polymerase were added to a 100-pL reaction. This was amplified for 39 cycles consisting of 1 min at 94% 2 min at 55"C, and 2 min at 72°C. The resulting 1-kb cDNA fragment was subcloned into the TAvector (Invitrogen, San Diego, CA). The cDNA insert was digested with Smal and Sal1 enzymes and subcloned into pBluescript SK+ vector, resulting in a P-galactosidase (P-GaI)-hlMP gene fusion. The 8-GaCLelMP2 gene fusion was constructed by amplifying the 5' and 3' ends of a genomic clone and subcloning this fragment into pBluescript SK+ vector. The P-Gal-LelMP3 construct used in all experiments has a deletion of six amino acids at the N terminus; we subsequently isolated a full-length cDNA encoding a protein with a similar activity profile.
IMP Activity
Enzyme activity was determined as described by Ragan et al. (1988) . E. coli strain XL-I Blue containing LelMP constructs, the human IMP cDNA, or control plasmid (E2, pBluescript SK+) was induced with 10 mM IPTG for 2 hr. Extracts were made according to the Stratagene k-ZAP protocol. Equal amounts of protein were assayed in a final volume of 0.3 mL containing 50 pCi of ~-'~C-inositol I-phosphate (American Radiolabeled Chemicals, Inc., St. Louis, MO) at room temperature. Reactions were terminated after 1 hr by the addition of 0.05 mL of 10% (w/v) trichloroacetic acid. The mixture was diluted with 1.0 mL of water and applied to a Dowex AGI X8 column (formate form; Bio-Rad). The column was washed with 5.0 mL of water, and the radioactivity of the eluate (containing free inositol) was determined by scintillation counting. Three to five determinations were made for each sample, and the mean and standard deviation were calculated. probes were constructed by subcloning the 3'sequence of each LelMP cDNA coding region into pBluescript SK+ vector. T7 polymerase transcription of LeIMP templates resulted in the synthesis of a 569-nucleotide LelMPl probe, an 870-nucleotide LelMP2 probe, and a 759-nucleotide LelMP3 probe. lncorporation of label into these probes was .V4Oo/o as determined by trichloroacetic acid precipitation. LelMPl and LelMP3 antisense probes (100,000 cpm) were hybridized to 3 pg of total RNA prepared from various tissues, and the LelMP2 antisense probe (100,000 cpm) was hybridized to 15 pg of total RNA.
Protein Gel Blot Analysis
Preparation of protein extracts and protein blot analysis were performed as described by Schuster and Gruissem (1991) . The anti-LelMP1 antibody was produced in a rabbit injected with a glutathione S-transferase (GST)-LelMP1 fusion protein in Ribi adjuvant, following the Ribi protoco1 (Ribi Immunochemicals, Hamilton, MT). The serum was purified by subtractive chromatography over E. coli antigen and GST columns, followed by chromatography on a GST-LelMP1 affinity column. All columns were prepared with Reactigel (Pierce, Rockford, IL) following the supplier's instructions. The resulting antiserum was specific for LelMP and was devoid of immunoreactivity toward GST or E. coli antigens.
lmmunolocalization These experiments were performed as described previously by Gillaspy et al. (1993) with the following modifications: plant tissues that were fixed in 4% paraformaldehyde, primary rabbit anti-LelMP1 antiserum, and secondary goat anti-rabbit IgG conjugated to alkaline phosphatase (Boehringer Mannheim) were each diluted 1:300 in PBS plus 0.1% BSA and reacted for 45 min, followed by severa1 washes with PBS. The alkaline phosphatase detection reaction was allowed to proceed for 2.5 hr, and slides were mounted in Aquapolymount (Polysciences, Inc., Warrington, PA). To ascertain the specificity of these reactions, three controls were always included: secondary antibody alone, antiLelMP-depleted serum, and preimmune serum. Anti-LelMP-depleted serum was obtained by binding purified recombinant histidine-tagged LelMPl protein to nitrocellulose and reacting the diluted anti-LelMP1 antisera with this filter to remove specific antibodies. The depleted serum was then used on sections.
RNA and DNA Gel Blot Analyses ACKNOWLEDGMENTS Total RNA was isolated from tomato tissues as described by Barkan et al. (1986) , and samples of 10 or 25 pg of RNA were electrophoresed, blotted, and hybridized with randomly primed probes as described by Narita and Gruissem (1989) . Analysis of tomato genomic DNA using randomly primed LelMP probes was performed as described by Narita and Gruissem (1989) .
RNase Protection Assays
Assays were performed using an Ambion RNAP kit (Ambion, Inc., Austin, TX) following the provided protocol. Templates for antisense RNA We thank Ann Loraine and Jon Narita for help with the library screening and determination of phosphatase activity of clones, Kris Callan for contributing a protein blot, and Joerg Kudla for cloning and sequencing the Arabidopsis IMPs. This research was supported by grants from the Department of Energy (No. 85ER13375) and the U.S. Department of Agriculture (No. 1-44037&25214) to W.G. G.E.G. was supported by a National Science Foundation postdoctoral fellowship; J.S.K. was supported by a Human Frontiers long-term fellowship; and K.O. was supported by a postdoctoral fellowship from the Japanese Society for the Promotion of Science.
